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Abstract

Osteoclasts are bone-resorbing polykaryons responsible for skele-
tal remodeling during health and disease. Coincident with their
differentiation from myeloid precursors, osteoclasts undergo
extensive transcriptional and metabolic reprogramming in order to
acquire the cellular machinery necessary to demineralize bone and
digest its interwoven extracellular matrix. While attempting to
identify new regulatory molecules critical to bone resorption, we
discovered that murine and human osteoclast differentiation is
accompanied by the expression of Zebl, a zinc-finger transcrip-
tional repressor whose role in normal development is most fre-
quently linked to the control of epithelial-mesenchymal programs.
However, following targeting, we find that Zebl serves as an
unexpected regulator of osteoclast energy metabolism. In vivo,
Zebl-null osteoclasts assume a hyperactivated state, markedly
decreasing bone density due to excessive resorptive activity. Mech-
anistically, Zebl acts in a rheostat-like fashion to modulate murine
and human osteoclast activity by transcriptionally repressing an
ATP-buffering enzyme, mitochondrial creatine kinase 1 (MtCK1),
thereby controlling the phosphocreatine energy shuttle and mito-
chondrial respiration. Together, these studies identify a novel
Zeb1/MtCK1 axis that exerts metabolic control over bone resorp-
tion in vitro and in vivo.
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Introduction

As a metabolically dynamic tissue, bone is continuously remodeled
by coordinated phases of active resorption and formation (Boyle
et al, 2003; Teitelbaum & Ross, 2003; Takayanagi, 2007; Zaidi, 2007;
Compston et al, 2019). An imbalance of skeletal remodeling arising
as a consequence of increased osteoclast-mediated bone resorption
leads to bone-wasting states in diseases ranging from osteoporosis
and rheumatoid arthritis to periodontitis and bone metastasis (Boyle
et al, 2003; Teitelbaum & Ross, 2003; Takayanagi, 2007; Zaidi, 2007;
Compston et al, 2019). Osteoclasts, giant multinucleated cells that
are specialized in their ability to resorb bone, are derived from both
embryonic and hematopoietic stem cell precursors of erythromye-
loid and myeloid lineages (Boyle et al, 2003; Teitelbaum &
Ross, 2003; Takayanagi, 2007; Jacome-Galarza et al, 2019; Yahara
et al, 2020a). In response to the cytokines, receptor activator of
NF-kB ligand (RANKL) and macrophage colony-stimulating factor
(M-CSF), monocyte precursors differentiate into preosteoclasts that
ultimately fuse to form mitochondria-rich polykaryons (Boyle et al,
2003; Teitelbaum & Ross, 2003; Takayanagi, 2007; Jacome-Galarza
et al, 2019; Yahara et al, 2020a). Upon attachment to bone, osteo-
clasts polarize and undergo extensive morphologic changes to form
an actin ring that surrounds the ruffled border, a differentiated
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region of the plasma membrane that secretes protons, chloride ions
and various collagenolytic enzymes into the resorption lacunae
(Boyle et al, 2003; Teitelbaum & Ross, 2003; Takayanagi, 2007;
Blangy et al, 2020; Zhu et al, 2020). To support this activity, osteo-
clasts display marked increases in mitochondrial content, biomass
and respiration as well as accelerated glycolytic metabolism (Indo
et al, 2013; Arnett & Orriss, 2018; Li et al, 2020). As such, the transi-
tion of mononucleated myeloid precursors devoid of bone-resorbing
activity to mature osteoclasts requires extensive transcriptional and
metabolic reprogramming (Izawa et al, 2015; Nishikawa et al, 2015;
Zeng et al, 2015; Bae et al, 2017; Murata et al, 2017). Nevertheless,
the identity and mechanisms by which osteoclast-associated tran-
scription factors are linked to bioenergetic modules critical to bone
resorption are largely uncharacterized.

While curating transcription factors upregulated specifically during
bone marrow-derived macrophage-to-osteoclast transition in vitro, we
noted that osteoclasts unexpectedly express zinc-finger E-box-binding
homeobox 1, i.e., Zeb1 (also known as 0EF1, Zfhx1la, Tcf8, or AREBG),
a transcriptional repressor most frequently associated with develop-
mental programs linked to epithelial-mesenchymal transitions (Vande-
walle et al, 2009; Nieto et al, 2016; Stemmler et al, 2019; Francou &
Anderson, 2020). As Zebl transcripts and protein expression were
confirmed in both mouse and human osteoclasts, we set out to define
its potential role(s) in regulating osteoclastogenesis, bone resorption
and skeletal remodeling. In vivo, while ZebI conditional knockout
mice generate normal osteoclasts in terms of number and size, bone
density is markedly reduced with knockout osteoclasts displaying a
hyperactive bone-resorptive phenotype. Mechanistically, we identify
the ATP-buffering, mitochondrial creatine kinase 1 (MtCK1), as a pre-
viously unsuspected Zeb1 target that modulates mitochondrial phos-
phocreatine energy metabolism critical to mouse and human
osteoclast bone resorption. Taken together, these finding identify a
new Zebl/MtCK1 metabolic axis that controls osteoclast functions
central to skeletal remodeling.

Results

Osteoclasts selectively upregulate Zeb1 in vitro and in vivo

In the presence of M-CSF and RANKL, mouse bone marrow-derived
macrophages (BMDMs) differentiate into multinucleated, tartrate-

resistant acid phosphatase-positive (TRAP*) osteoclasts within a
4-5 days culture period (Tang et al, 2009; Zou et al, 2016; Zhu

Figure 1. Mouse osteoclasts express Zeb1l in vitro and in vivo.
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et al, 2020). In an effort to identify new transcription factors (TFs)
expression critical to osteoclast formation or function, mouse
BMDMs and osteoclasts were harvested for transcriptional profiling.
As expected, gene ontology analysis identified an enrichment in
DNA-binding TF activity (Fig 1A). However, among the top 20 of
the most highly expressed TFs, including many of those previously
linked to osteoclast differentiation (Fig 1B; Kurotaki et al, 2020;
Tsukasaki et al, 2020), we noted the unexpected expression of Zeb1
alone among the family of EMT-associated transcriptional repressors
(Fig 1B). The upregulation of Zebl expression was confirmed by
real-time PCR and coincides with that of other well-known osteo-
clast maturation makers, including AcpS and Ctsk (Fig 1C). Simi-
larly, at the protein level, Zebl content increases as BMDMs are
induced to form osteoclasts (Fig 1D; Appendix Fig S1A). Further,
using Zebl-specific antibodies, Zebl was found to be extensively
localized in the nucleus of cultured osteoclasts (Fig 1E). Extending
these data into the in vivo setting, osteoclasts adherent to the bone
surface display nuclear Zebl along with TRAP immunoreactivity,
confirming the specific expression of Zebl in skeletal tissues
(Fig 1F). Unsupervised clustering of single cell RNA-seq analysis of
deposited public dataset of E14.5 whole mouse embryos (Yahara
et al, 2020a) assigned the cells into distinct 19 subpopulations using
known marker genes (Fig EV1A) with Zebl largely confined to
Dcstamp ™ Ocstamp ™ Atp6v0d2 ™ Ctsk ™ osteoclast-specific as well as a
Pecaml* CdhS* endothelial-specific populations (Fig EV1B; Data
ref: Yahara et al, 2020Db).

While mouse and human monocyte-derived populations share a
number of functional characteristics, important distinctions also
exist (Ginhoux & Jung, 2014). To assess the relevance of the mouse
osteoclast Zeb1 expression to human cells, primary human CD14*
monocytes were induced into macrophages prior to undergoing
osteoclast differentiation upon addition of M-CSF and RANKL
(Raynaud-Messina et al, 2018; Zhu et al, 2020). Under these condi-
tions, TRAP* multinucleated cells are generated that likewise co-
express ZEB1 and CTSK at both the mRNA and protein levels
(Fig EV1C-E; Appendix Fig S1B).

Zeb1 conditional knockout mice exhibit an osteopenic phenotype
in vivo

Having identified Zebl expression in osteoclasts, we sought to
define its role in vivo by generating a myeloid-specific Zeb1 condi-
tional knockout mouse model by crossing Zeb1”/ mice with Csflr-
Cre mice (Csflr-Cre/Zebl”'; hereafter referred to as Zebl4M4M;

A DAVID gene ontology (GO) analysis of differentially upregulated transcripts during BMDM-osteoclast transition generated from wild-type mice identified an enrich-

ment in DNA-binding TF activity (arrow; n = 3).

@

ing wild-type BMDM-osteoclast transition (n = 3).

mm g o0

Unexpected expression of Zebl (arrow) among the top 20 differentially upregulated genes retrieved from DAVID GO biological process “DNA-binding TF activity” dur-

Relative mRNA expression of Zeb1, Acp5, and Ctsk during the differentiation from BMDMs to osteoclasts in culture (n = 3).

Western blot of Zeb1, c-Src, and Ctsk expression in BMDMs and mature osteoclasts (n = 3).

3D reconstruction of Zeb1 (red), TRAP (green), and F-actin (cyan) immunofluorescent staining of osteoclasts differentiated from wild-type BMDMs. Scale bar, 20 um.
Zeb1 (red) and TRAP (green) immunofluorescence of a femur section including the growth plate (GP) and metaphysis from a wild-type mouse. The multinucleated cells

associated with the surface of the bone marrow cavity (BM cavity) that are shown in the red box are further enlarged in the panels to the right. Scale bar, 10 pm.

Data information: Bars and error bars represent mean + SEM. Data are representative of at least three independent experiments with biological replicates. Data were

analyzed using unpaired Student’s t test (C). **P < 0.01.
Source data are available online for this figure.
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Fig EV2A), wherein Cre is expressed in myeloid progenitors, includ-
ing the osteoclast-derived lineage (Compston et al, 2019). We then
assessed bone morphometry in 3-month-old wild-type and Zeb14"“M
mice. In marked contrast to the normal bone observed in the wild-
type littermates, Zeb1 targeting elicited a marked osteoporosis-like
effect with reduced trabeculation of distal bone marrow spaces in
both male and female Zeb1“™“M mice, resulting in a remarkable
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50% drop in bone mass (Figs 2A-C and EV2B). Nano computed
tomography (nanoCT) scans of the distal femurs of Zeb1*™“M male
and female mice highlighted the striking decreases in bone volume/
tissue volume, number of trabeculae and trabecular thickness in
tandem with increased trabecular separation (Figs 2A-C and EV2B).
Zebl deficiency also triggers a modest, but statistically significant,
decrease in cortical bone thickness (Fig EV2C). Similar changes in
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Figure 2. Zeb1 conditional knockout mice are osteopenic with heightened bone resorptive activity in vivo.

A Representative nanoCT of sagittal sections of femurs with 3D reconstruction of the distal femur trabeculae of 3-month-old wild-type and Zeb1*™“M male mice are
shown. The genotype of Zeb1**, Zeb1™, zeb™ mice is defined as “wild-type” control. Scale bar, 500 pm.
B Quantification of BV/TV, Tb.Th, Tb.N, and Tb.Sp as determined by nanoCT in 3-month-old wild-type and Zeb1*"*™ male mice (n = 8).

(@}

H&E and TRAP staining of the distal femurs of 3-month-old male wild-type and Zeb1**“M mice. Scale bar, 200 pm.

D Quantification of osteoclast number per bone surface (N.Oc/BS) and eroded surface per bone surface (ES/BS), as well as serum CTX-I and OCN levels in 3-month-old

lAM/AM

wild-type and Zeb male mice are shown (n = 6).

E  Golden’s trichrome staining illuminating howship’s lacunae (arrow) of the distal femurs of 3-month-old male wild-type and Zeb1*"4™ mice were performed along
with double-calcein bone labeling and confocal imaging to assess bone formation. Scale bar, 10 um.
F Quantification of MAR and BFR as assessed in 3-month-old male wild-type and Zeb1™M mice (n = 6).

Data information: Bars and error bars represent mean + SEM. Data are representative of at least three independent experiments with biological replicates. Data were

analyzed using unpaired Student’s t test (B, D, F). ns, not significant; **P < 0.01.

cancellous bone are also observed in the lumbar vertebrae of
Zeb1*™/“M male mice (Fig EV2D and E). Complementing these find-
ings, serum CTX-I, a marker of bone type I collagen degradation
(Srivastava et al, 2000), increased by ~ 50% in the Zeb 1M M mjce
(Fig 2D), underlining the increase in bone-resorbing activity.

Despite the increase in bone remodeling activity, osteoclast num-
bers as assessed by TRAP staining the distal femur are slightly
decreased in Zeb1™“M mice relative to wild-type, while the surface
area of bone erosions is increased (Fig 2C and D). Higher-
magnification images of Goldner’s trichrome staining in the distal
femur indicate that Zeb1*”“™ mice display enlarged gaps between
osteoclasts and trabecular bone (i.e., Howship’s lacunae; arrow) as
a consequence of increased bone resorption (Fig 2E; Everts
et al, 2002). Alteration in osteoclast function can also affect osteo-
blast activity (Sims & Martin, 2020), but bone formation as assessed
by serum osteocalcin (OCN), mineral apposition rate (MAR) or bone
formation rate (BFR) did not reveal significant differences between
Zeb1“™*M mice and control mice (Fig 2D-F), confirming that
reduced bone resorption, rather than changes in bone formation,
are responsible for the osteoporosis-like phenotype. Together, these
results support a model wherein osteoclast Zeb1 plays an important
role orchestrating physiological bone remodeling and bone resorp-
tion in vivo.

Zeb1-knockout osteoclasts display enhanced bone-resorbing
activity in vitro

To determine the role of Zebl targeting on osteoclast differentiation
and function in vitro, we isolated BMDMs from ZebI“™“M mjce and

generated osteoclasts for functional assessment. Following Zebl
deletion, neither the number of CD11b™" osteoclast precursor cells
nor the proliferative activities of BMDMs are affected (Appendix
Fig S1C and D), supporting the conclusion that Zeb1*™“M mice
maintain a normal pool of osteoclast precursor cells. The apoptotic
ratio of Zeb1?™“M osteoclasts also remains unaltered either under
resting conditions or following starvation (Appendix Fig S1E). Upon
osteoclastogenic induction, Zeb1*™“M macrophages undergo osteo-
clastogenesis comparably to controls as assessed by TRAP staining
and TRAP* multinucleated cell (MNC) number (Fig 3A). Likewise,
gene expression levels of a series of osteoclast markers, including
AcpS, Nfatcl, c-fos, Destamp, Oscar, Itgb3, Atp6v0d2, Src, and Ctsk
are indistinguishable between wild-type and ZebI-deficient cells as
are protein expression of the osteoclast differentiation- and
maturation-related markers, nuclear factor of activated T cells 1
(NFATc1), c-Fos, c-Src, B3 integrin, Mmp9, Mmpl4, and Ctsk
(Appendix Figs S1F and S2A; Fig 3B). We further confirmed that the
transcript level of Zeb2 is not regulated in a compensatory fashion
(Appendix Fig S1F; Postigo & Dean, 2000). Given that the myeloid-
specific depletion of ZebI does not affect the osteoclastogenic differ-
entiation program in vitro, we next assessed their bone resorptive
activity in vitro.

In marked contrast to control osteoclasts, Zeb cells display
significant increases in both bone resorption area and bone resorp-
tion depth (Fig 3C-F). Consistent with these results, type I collage-
nolysis as assessed by CTX-I generation (Garnero et al, 2003) is
increased almost 1.5-fold in Zeb14™“M osteoclast cultures (Fig 3G).
While intracellular acidification of Zeb14™“M osteoclasts appears
unaffected by acidic orange staining (Appendix Fig S2B and C), a

7AM/AM

Figure 3. Enhanced sealing zone formation and bone resorbing activity of Zeb1-knockout osteoclasts in vitro. >

A BMDMs were isolated from wild-type or Zeb1#™4M mice and cultured atop plastic substrata with M-CSF and RANKL for 5 days, stained with TRAP, and the number
of TRAP* MNCs determined (n = 6). Scale bar, 500 pum.

B Zebl, NFATCcL, c-Fos, c-Src, B3 integrin, Mmp9, Mmp14, and Ctsk expression as assessed by Western blot in wild-type and Zeb14™“M BMDMs during osteoclast dif-
ferentiation (n = 3).

C, D After a 6-day culture period, wild-type or Zeb.
pit area quantified (D; n = 6). Scale bar, 100 um.

E, F Resorption pits were 3D reconstructed by reflective confocal laser scanning microscope (RCLSM) (F) in tandem with quantification of resorption pit depth (E; n = 6).
Color bar, pit depth.

G Supernatant CTX-I determined by ELISA (n = 6).

H, | After a 6-day culture atop bone slice, phalloidin staining (red) was performed in wild-type versus Zeb14™4M osteoclasts (I), and actin ring area per cell quantified
(H). Scale bar, 20 pm.

14MAM osteoclasts were removed from bone slices, resorption pits visualized by WGA-DAB staining (C), and resorption

Data information: Bars and error bars represent mean + SEM. Data are representative of at least three independent experiments with biological replicates. Data were
analyzed using unpaired Student’s t test (A, D, E, G, H). ns, not significant; *P < 0.05, **P < 0.01.
Source data are available online for this figure.
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striking size increase in actin ring structure is noted when Zeb14"/4M
cells are cultured atop bone (Fig 3H and I). Neither the number of
nuclei per osteoclast nor the number of actin rings per osteoclast on
bone is altered in Zeb1*M cells (Appendix Fig S2D and E), indi-
cating actin ring size is the dominant phenotypic change observed
in ZebI“™“M osteoclasts. Further, while avB3 integrin is generally
regarded as the major receptor in osteoclasts mediating signaling
cascades upstream of c-Src activation (Feng et al, 2001; Sanjay
et al, 2001; Zou et al, 2007; Nagai et al, 2013), surface B3 integrin
(CD61) levels and vitronectin-induced c-Src phosphorylation are
unaffected in Zeb14"“M osteoclasts (Appendix Fig S2F-H).

Finally, to rule out the possibility that defects in ZebI-targeted
osteoclast function arise at early stages of monocyte-to-macrophage
differentiation (i.e., Zebl is deleted in bone marrow-derived myeloid
cells using CsfIr-Cre targeting strategy in vivo), macrophages were
prepared from Zeb1”' mice and then transduced in vitro with a lenti-
viral Cre expression vector just prior to osteoclastogenic induction
(Appendix Fig S3A and B). Under these conditions, bone resorption
and osteoclast sealing zone formation, but not osteoclastogenesis,
are again increased (Appendix Fig S3C-E). Furthermore, ectopic
expression of Zebl reverses the hyperactivation of bone resorptive
activity and sealing zone formation in Zebl-deficient osteoclasts
(Appendix Fig S3F-I), thus confirming that deletion of Zebl is
responsible for the enhanced osteoclast activity. Hence, Zebl plays
a required and modulatory, late-stage role in controlling osteoclastic
bone resorption.

Zeb1 regulates osteoclastic MtCK1 expression

To begin identifying potential Zebl targets capable of regulating
bone resorbing activity, we conducted a transcriptome analysis
comparing the expression profiles of wild-type versus Zeb]4/“M
osteoclasts. Using a minimum of 1.5-fold change as cutoff and an
adjusted P value of < 0.05, ZebI deletion alters the expression of
510 unique transcripts reflecting 201 and 309 genes that are up- and
downregulated, respectively, in Zeb1™“M osteoclasts relative to
controls (Fig 4A). Given that Zebl is classically characterized as a
transcriptional repressor (Vandewalle et al, 2009; Stemmler
et al, 2019), we noted that among the top 10 upregulated genes in
knockout cells, the mitochondrial creatine kinase gene Ckmtl,

The EMBO Journal

encoding the enzyme MtCK1 critical to mitochondrial oxidative
activity and energy metabolism (Wallimann et al, 1992, 2011;
Schlattner et al, 2006), is the most highly expressed transcript in
Zeb1M/M osteoclasts (Fig 4A and B). On the basis of DAVID Gene
Ontology (GO) analysis, we further found that several important
biological processes, such as DNA binding, ATP-binding, mitochon-
drion, and cytoskeleton, are enriched as the main altered categories
defined by the pattern of differentially expressed genes (Fig 4C).
Osteoclast activation and bone resorption are energy-consuming
processes supported by high metabolic activities (Indo et al, 2013;
Arnett & Orriss, 2018; Li et al, 2020). Interestingly, RANKL stimu-
lates mitochondrial creatine kinase activity and induces coordinated
expression of genes associated with creatine metabolism, including
creatine kinases (Ckmtl and Ckb) and the creatine transporter,
Slc6a8, but not the gene products controlling creatine synthesis
(Gatm or Gamt; Figs 4D and EV3A). We validated that Zeb14M/AM
osteoclasts display markedly increased Ckmtl levels with no
changes in mRNA levels of Ckb or Sic6a8 (Figs 4E and EV3B). Con-
sistent with these findings, levels of mitochondrial-localized MtCK1
are likewise increased in ZebI knockout osteoclasts while MtCK1
expression is restored to normal levels following reintroduction of
Zeb1 using lentiviral transduction (Figs 4F-H and EV3C; Appendix
Fig S4A-C). Importantly, upregulated MtCK1 expression is not lim-
ited to in vitro-differentiated mouse osteoclasts as immunofluores-
cence analysis confirmed increased expression levels of MtCK1 in
femur osteoclasts of Zeb1“*“M mice while ZEBI targeting in human
osteoclasts likewise increases MtCK1 expression by both western
blot and immunofluorescence (Fig EV3D-H; Appendix Fig S4D).
Zebl preferentially associates with either E-box elements (5'-
CAGGTG-3’, 5'-CACCTG-3/, or 5-CATGTG-3') or Z-box elements (5'-
TACCTG-3' or 5-CAGGTA-3’) in the promoter region of target genes
(Postigo & Dean, 1999; Larsen et al, 2016; Rosmaninho et al, 2018;
Guo et al, 2021). In this regard, a de novo search for DNA-enriched
Zebl-binding motifs demonstrates that both the mouse Ckmtl and
human CKMTI1 promoter sequences contain multiple E-box and Z-
box-binding sites (Fig 41). Indeed, using a CkmtI reporter construct,
luciferase activity is significantly repressed in the RANKL-stimulated
macrophage cell line, RAW 264.7, following cotransfection with a
ZEB1-expression vector (Fig 4J). Chromatin immunoprecipitation
(ChIP) analysis confirms that an anti-Zebl antibody, but not its

Figure 4. Zeb1l represses MtCK1 expression and tunes the phosphocreatine energy shuttle in osteoclasts.

A Volcano plot showing significantly enriched and depleted mRNAs in Zeb14™“M osteoclasts versus wild-type osteoclasts (n = 3).
B The top 10 most highly upregulated and downregulated transcripts in Zeb14™4M osteoclasts as compared with wild-type osteoclasts are presented (n = 3; color bar,

relative expression value).

DAVID gene ontology (GO) analysis of differentially expressed genes from Zeb1-deleted versus wild-type osteoclasts.
Mitochondrial creatine kinase activity of wild-type and Zeb1*M“M BMDMs and osteoclasts cultured atop plastic substrata (n = 3).
Relative mRNA expression of Ckmt1 in BMDMs and osteoclasts generated from wild-type or Zeb1™“M mice.

14AWAM mice (n = 3).

MtCK1 and Ckb expression in the mitochondrial fraction as assessed by Western blot in BMDMs and osteoclasts generated from wild-type or Zeb1"™ M mice (n=3).
MtCK1 (green) immunofluorescence of wild-type and Zeb14™“M osteoclasts. Scale bar, 20 pm.

Schematic of mouse Ckmt1 promoter region indicating locations of E-box (red) and Z-box (blue) sequences that represent putative Zebl binding sites.

Luciferase activity was monitored in RAW 264.7 cells co-transfected with a mock or ZEB1 expression vector in combination with a CkmtI promoter reporter construct

C
D
E
F  MtCK1, Ckb, VDAC, and Tomm20 expression as assessed by Western blot in BMDMs and osteoclasts generated from wild-type or Zeb
G
H
|
J

(n=3).

K gPCR analysis of ChIP using anti-Zebl antibody at the Ckmt1 promoter region in mature osteoclasts generated from wild-type or Zeb1"™*M mice (n = 3).

Data information: Bars and error bars represent mean £ SEM. Data are representative of at least three independent experiments with biological replicates. Data were
analyzed using two-way ANOVA with Bonferroni correction (D, E, J, K). ns, not significant; *P < 0.05, **P < 0.01.

Source data are available online for this figure.
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respective matched IgG control, immunoprecipitates a region of the
CkmtI promoter containing the Zebl binding site in wild-type osteo-
clasts relative to Zeb1-depleted cells (Fig 4K). Together, these results
indicate that MtCK1 is a direct transcriptional target of Zebl in wild-

type osteoclasts.

The EMBO Journal

Independent of Ckmtl, we noted that Epcam (Epithelial cell
adhesion molecule) is also among the top 10 differentially expressed
genes in Zeb1*™“M osteoclasts (Fig 4A and B). Though recent stud-
ies indicate that EpCAM can confer a survival advantage and differ-
entiation block in Zebl™~ hematopoietic stem cells (Almotiri
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Figure 5. Zeb1 depletion increases mitochondrial respiration and ATP production in osteoclasts.

A Phosphocreatine (PCr) and creatine (Cr) level, as well as PCr/Cr ratio of wild-type or Zeb14MAM osteoclasts cultured atop plastic substrata as determined by LC/MS

analysis (n = 3).

B, C Oxygen consumption rate (OCR) profile plot (B) and mitochondrial function parameters (C) analyzed by XF Cell Mito Stress Assay in osteoclasts from wild-type or
Zeb1MM mice after sequential treatment of compounds modulating mitochondrial function (n = 4).
D Ultrastructural appearance of mitochondria in BMDMs and osteoclasts generated from wild-type or Zeb14™4M mice. Scale bar, 200 nm.

E ATP levels of BMDMSs and osteoclasts generated from wild-type or Zeb.

lAM/AM

mice (n = 3).
F RhoA activity of wild-type and Zeb1?™“M osteoclasts cultured on plastic (n = 6).

Data information: Bars and error bars represent mean + SEM. Data are representative of at least three independent experiments with biological replicates. Data were
analyzed using unpaired Student’s t test (A, C, F) or two-way ANOVA with Bonferroni correction (E). ns, not significant; **P < 0.01.

et al, 2021), Zeb1 deletion did not affect EpCAM protein expression
in osteoclasts (Appendix Fig S4E and F). Of note, Zebl has been
reported to regulate reactive oxygen species (ROS) production
(Morel et al, 2017; de Barrios et al, 2019; Han et al, 2021, 2022;
Zhang et al, 2022) and nicotinamide adenine dinucleotide phosphate
oxidase (NADPH) oxidases (mainly Nox2 and Nox4)-derived ROS
are known to regulate osteoclast differentiation (Lee et al, 2005;
Kim et al, 2010; Goettsch et al, 2013; Bartell et al, 2014; Callaway &
Jiang, 2015; Kang & Kim, 2016; Schroder, 2019). Nevertheless, ROS
and H,0, production levels are comparable between wild-type and
Zeb1*M/M osteoclasts (Appendix Fig S4G and H), while transcript
levels of Cybb (encoding Nox2) and Nox4, as well as Slc16a4 and
Gpx4, are indistinguishable between wild-type and Zebl-deficient
cells (Appendix Fig S4I).

Zeb1 controls osteoclast energy metabolism

Creatine kinases are a family of enzymes that rapidly and reversibly
transfer phosphoryl moieties between ATP and creatine to generate
creatine phosphate, a highly diffusible, high-energy phosphate
molecule important for maintaining cellular energy homeostasis
(Wallimann et al, 1992, 2011; Schlattner et al, 2006). Recently,
MtCK1 has been reported to increase both total creatine and phos-
phocreatine levels in tumor cells (Fenouille et al, 2017; Kurmi
et al, 2018). Consistent with these findings, ZebI-null osteoclasts
likewise display a significant increase in the level of phosphocrea-
tine as well as their phosphocreatine/creatine (PCr/Cr) ratio relative

to wild type controls (Fig 5A). As MtCK1 activity is further coupled
to oxidative phosphorylation through the ATP/ADP carrier (Walli-
mann et al, 1992, 2011; Schlattner et al, 2006; Fenouille et al, 2017;
Kurmi et al, 2018), the increased creatine kinase-dependent phos-
phocreatine energy shuttle found in ZebI-null osteoclasts would be
predicted to dissipate the mitochondrial ATP pool to drive ADP-
dependent respiration. While RANKL is known to induce shifts in
mitochondrial mass and mtDNA copy number (Zeng et al, 2015;
Lemma et al, 2016; Arnett & Orriss, 2018), each of these endpoints
is indistinguishable between wild-type and Zeb1*™“M osteoclasts
(Appendix Fig S5A-D). Further, as assessed by Western blotting,
Zeb14M/4M gsteoclasts express comparable levels of mitochondrial
complexes [, II, 1II, IV, and V with respect to control cells (Appendix
Fig SSE and F). Nevertheless, ZebI“™“M osteoclasts display an
increased basal mitochondrial respiration as well as maximal
respiratory capacity after uncoupling oxygen consumption
from mitochondrial ATP production with carbonyl cyanide
p-(trifluoromethoxy)phenylhydrazone (FCCP), while the oxygen
consumption rate (OCR) falls to basal levels with the addition of the
mitochondrial ATP synthase and oxidative-phosphorylation inhibi-
tor, oligomycin A (Fig 5B and C). In keeping with the higher respira-
tory activity observed in Zebl-null osteoclasts that occurs in the
absence of obvious changes in mitochondrial structure (Fig 5D),
ATP levels are likewise significantly increased in the knockout cells
(Fig SE). Cellular energetics strongly correlates with Rho GTPase
activity (Zhang et al, 2013; Chen et al, 2018; Holmes et al, 2020; Wu
et al, 2021) which also serves as a critical determinant of actin ring

Figure 6. Mitochondrial creatine kinase activity drives mitochondrial bioenergetics.

A Aschematic diagram of the mock vector, wild-type human MtCK1, and the metabolic inactive MtCK

1318 mutant expression vector.

B Wild-type BMDMs were transduced with wild-type human MtCK1, differentiated into osteoclasts, and stained with HA (green), MtCK1 (red), and Tomm20 (cyan).

Scale bar, 20 pum.

C  Wild-type BMDMs were transduced with either a mock vector, wild-type human MtCK1, or a catalytically-inactive MtCK1<*'¢© mutant expression vector, differenti-
ated into osteoclasts, and cell lysates collected for MtCK1, Ckb, Tomm?20, VDAC, Zeb1, c-Src, and Ctsk immunoblotting (n = 3).
Mitochondrial creatine kinase activity of mock vector-, MtCK1-, or MtCK1<***“-transduced wild-type osteoclasts cultured on plastic (n = 3).

ATP levels of mock vector-, MtCK1-, or MtCK1“**®C-transduced wild-type osteoclasts (n = 3).

D
E  PCr/Cr ratio of mock vector-, MtCK1-, or MtCK1***°~transduced wild-type osteoclasts cultured on plastic substrata as determined by LC/MS analysis (n = 3).
F
G

Wild-type BMDMs were transduced with lentiviral vectors expressing wild-type MtCK1, a catalytically-inactive MtCK

ated into osteoclasts, and RhoA activity assessed (n = 6).

1316 mutant, or a mock control and differenti-

H, | OCR profile plot (H) and mitochondrial function parameters (I) analyzed by XF Cell Mito Stress Assay in mock vector-, MtCK1-, or MtCK1<***“-transduced wild-type
osteoclasts after sequential treatment of compounds modulating mitochondrial function (n = 4).

J, K Mock vector-, MtCK1-, or MtCK1“**¢-transduced wild-type pre-osteoclasts were cultured atop bone slices for 3 days, stained with phalloidin (red). Osteoclasts were
removed and resorption pits visualized by WGA-DAB staining (J). The actin ring area per cell and resorption pit area were quantified (K; n = 6). Scale bar, upper

20 pm, lower 100 pm.

Data information: Bars and error bars represent mean + SEM. Data are representative of at least three independent experiments with biological replicates. Data were
analyzed using one-way ANOVA with Bonferroni correction (D-G, I, K). ns, not significant; *P < 0.05, **P < 0.01.

Source data are available online for this figure.

10 of 23 The EMBO Journal ~ 42: e111148 | 2023

© 2023 The Authors



Lingxin Zhu et al

A
Mock vector
[[or H omv ]
MtCK1 vector

[ R H omv [micki[vaH R |

MtCK1¢31¢ vector

H wr]

[vaH r ]

[[tr H omv Jucke

Cc

Mock
MtCK1
MtCK1 C316G

(kDa)

=50

MICK1 |*= S w— 20

CKbD | s s s —43

TOomMM20 m——— 20

VDAC s s s —32

Zeb1 [#% s w8 200

C-STC | s wr w60

Pro-Ctsk
Mature Ctsk

— — — =40

- D e 0]

B-actin n—— 4 5

Basal respiration

nlr

MtCK1  MtCK1¢3ee

OCR (pmol/min)

Mock

Figure 6.

© 2023 The Authors

B

MtCK1

Mitochondrial creatine

OCR (pmol/min)

JMtCK1/

The EMBO Journal

__ 5000 *k 8+ ok
R
£ 4000 . o &4 [}
[ =
2 3000 s
z S
2 2000 (t)
|5}
© o 24
o 1000 |-='=| |_$_|
n
© 0
£ T T T
= Mock  MICK1 MICK1css Mock  MICK1 MtCK1ce
ns —_ ns
E 300 * % 0.6 K%
L 20 . > ul
[< [a)
= O 041
o 180 (] =
= < M AA
° S
120 x £
5 ¥ 021 0 AA
o 60 o *
> =
< . . . 2 o T T
Mock MtCK1 MtCK1¢316¢ Mock MtCK1  MtCK1¢s31ee
Oligomycin FCCP  ROT/AA
H H -e- Mock
= -& MtCK1
= 270 - MtCK1c316e
=
o
£ 180
a
14
QO 90
(]
0
b T T 1
40 60 80
Time (minutes)
ATP-linked respiration Maximal respiration
ns ns
80 ox 300+ P
T 2504 =
60
. £ 0]
o
40 s E 150{ e z
g a o 1004
20 4]
O 504
Mock MtCK1  MtCK1c31ee Mock  MtCK1 MtCK1c3ee
K ns
;\? 100+ K%
MtCK1c3166 E 754 [ 1]
g
5 50 . .
o .
[
= 254 |'¢'| At
£ hd |
.
Q
< T T T
Mock MtCK1  MtCK1c318¢
ns
@ 4004 **
o
©
=& 3004
%]
c 3
'%:9 200+ - R
\55 LX)
@ 1004 A4
[ .
o
Mock MtCK1 MtCK1c316¢

The EMBO Journal

42:€111148 2023

11 of 23



The EMBO Journal

and sealing zone formation (Teitelbaum, 2011; Touaitahuata
et al, 2014; Weivoda & Oursler, 2014; Uehara et al, 2017). Consis-
tent with a potential link between increased ATP levels and Rho
GTPase activity, RhoA activity is also increased twofold in knockout
osteoclasts (Fig 5F).

Zebl-dependent regulation of MtCK1 activity drives
osteoclast activation

As Zebl-dependent regulation of MtCK1 activity correlate with
changes in osteoclast energy metabolism, we sought to determine
whether MtCK1 overexpression in wild-type osteoclasts alone would
functionally recapitulate the Zeb14™4M osteoclast phenotype. As
such, control osteoclasts were transduced with lentiviral expression
vectors encoding either wild-type or a mutant form of MtCK1
lacking catalytic activity (MtCK1°*'°; Furter et al, 1993; Fenouille
et al, 2017; Fig 6A and B). Expression of cytosolic creatine kinase,
Ckb, the mitochondrial markers, Tomm20 and VDAC, or Zebl, as
well as the osteoclast maturation markers, c-Src and Ctsk, remain
unaltered following transduction with either construct (Fig 6C;
Appendix Fig S5G). By contrast, transduction with wild-type MtCK1,
but not MtCK1%3'°C, increases mitochondrial creatine kinase activ-
ity, PCr/Cr ratios, mitochondrial respiration, ATP, and active RhoA
levels to a degree similar, if not identical, to those observed in
Zeb1*™/4M osteoclasts (Fig 6D-I). In coordinated fashion, increasing
MtCK1 expression enhances both actin ring formation and bone-
resorbing activity of transduced osteoclasts (Fig 6J and K). Further
underlining the importance of phosphocreatine in mediating these
effects, the addition of exogenous phosphocreatine alone to wild-
type osteoclasts significantly increases GTP-loaded RhoA activity,
actin ring formation as well as bone resorbing activity (Fig EV4A-D)
in tandem with enhanced mitochondrial respiration and ATP pro-
duction (Appendix Fig S6A-C). Next, to assess the relative impor-
tance of RhoA in controlling osteoclast activation driven by
phosphocreatine, cells were next treated with the RhoA inhibitor,
Y16 (Shang et al, 2013). Under these conditions, sealing zone forma-
tion and bone-resorptive activity by phosphocreatine-treated osteo-
clasts are each significantly downregulated by the RhoA inhibitor
(Appendix Fig S6D and E). In a consistent fashion, while cellular
energetics strongly correlate with Rho GTPase activity and cytoskel-
etal organization in other cell types (Zhang et al, 2013; Chen
et al, 2018; Holmes et al, 2020; Wu et al, 2021), the mitochondrial
ATP synthase inhibitor, oligomycin A, significantly reduces RhoA
activity, sealing zone formation and bone resorption levels of
phosphocreatine-treated wild-type osteoclasts (Appendix Fig S6F—
H). Taken together, these data support a model wherein mitochon-
drial respiration and RhoA activation are intertwined with phospho-
creatine’s ability to regulate osteoclast activity.

Conversely, while targeting MtCK1 expression in Zeb oste-
oclasts with either of two structurally distinct shRNA constructs
(shCkmt1) in Zeb1“M“M BMDMs does not affect osteoclast matura-
tion (Fig EV4E; Appendix Fig S7A), mitochondrial creatine kinase
activity, cellular PCr/Cr ratios, mitochondrial respiration, and ATP
levels are significantly downregulated in Zeb1“™4M osteoclasts
upon shCkmtlI transduction to a level similar to that observed in
wild-type osteoclasts (Fig EV4AF-H). In turn, RhoA activity, actin ring
formation and bone-resorbing activity are significantly inhibited in
Zebl-null osteoclasts after MtCK1 knockdown (Fig EV4I-K). Though

1AM/AM
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Zebl has also been reported to regulate cancer cell metabolism via
transcriptionally repressing the mitochondrial-localized deacetylase,
Sirt3, or upregulating transcript levels of glycolytic enzymes, includ-
ing Pfkm, Hk2, Pfkp, and Pkm2 (Xu et al, 2018; Zhou et al, 2021;
Jiang et al, 2022), gene expression levels of these enzymes are unaf-
fected in ZebI-deficient osteoclasts (Appendix Fig S7B).

Creatine kinase is a downstream effector of Zeb1-null human
osteoclasts and mouse osteoclasts ex vivo

Given potential functional differences between mouse and human
myeloid-derived cell populations (Ginhoux & Jung, 2014), we next
sought to assess the status of the ZEB1/MtCK1 axis in human osteo-
clasts. As such, human monocyte-derived osteoclasts were cultured
atop bone slices following transfection with either control siRNAs or
constructs directed against either ZEBI or CKMTI. In the presence
of siZEBI1, osteoclastogenesis proceeds in a normal fashion with
unaltered c-SRC and CTSK expression (Fig EV3E and F). By contrast,
in response to ZEBI targeting, MtCK1 expression and kinase activity
increase in tandem with an elevated cellular PCr/Cr ratio, higher
ATP levels and RhoA activity with augmented mitochondrial respi-
ration (Figs 7A-F and EV3E-H). Correspondingly, actin ring/sealing
zone formation and bone resorption are markedly enhanced (Fig 7G
and H). Alternatively, siCKMTI delivery significantly inhibits RhoA
activity, sealing zone formation, and bone resorbing activity of
human osteoclasts in concert with decreased mitochondrial creatine
kinase activity, cellular PCr/Cr ratios and mitochondrial respiration
(Fig EV5B-I; Appendix Fig S7C). Hence, human osteoclasts—like
their mouse counterparts—employ the ZEB1/MtCK1 metabolic axis
as a critical regulator of the bone resorptive phenotype.

Finally, to assess the importance of the creatine kinase axis in
driving the hyperactive bone resorptive axis in Zeb1-null osteoclasts
ex vivo, calvarial organ cultures were established from wild-type
and null mice, respectively (Inada et al, 2004; Bellido & Delgado-
Calle, 2020). Consistent with our in vivo results, confocal imaging of
Zeb14M/AM calvarial cultures coupled with quantitative analysis con-
firmed comparable osteoclast numbers as assessed by Vpp3 staining
and TRAP activity along with increased actin ring formation and
bone collagen degradation (Fig 7I-L). Importantly, the hyperactive
bone resorptive phenotype in Zeb1“™M calvaria and the enhanced
ring formation are both significantly inhibited by the treatment with
the creatine kinase inhibitor, cyclocreatine, ex vivo (Fig 7I-L), or in
vitro with ZebI1™™M osteoclasts (Fig EVSI). Together, these data
demonstrate that Zebl/MtCK1 axis confers osteoclasts with the
essential transcriptional-metabolic regulatory machinery that is cru-
cial to controlling bone resorption in situ.

Discussion

The unique capacity of osteoclasts to resorb bone—in both physio-
logic and pathologic contexts—highlights the importance for identi-
fying the molecular mechanisms controlling their development and
activity (Zaidi, 2007; Compston et al, 2019). Though effects of EMT
TFs remain predominately, but not solely, assigned to epithelial and
mesenchymal cell populations (Vandewalle et al, 2009; Nieto
et al, 2016; Stemmler et al, 2019; Francou & Anderson, 2020), we
report that osteoclasts—despite their myeloid origin—specifically

© 2023 The Authors
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Figure 7. The Zeb1/MtCK1 axis controls sealing zone formation and osteoclast activity.

A, B Human monocyte-derived macrophages (hMDMs) were transfected with either shCTRL or siRNA-targeting ZEB1, differentiated into osteoclasts, and relative mRNA
expression of CKMT1 (A) and mitochondrial creatine kinase activity determined (B; n = 3).
C PCr/Cr ratio of osteoclasts differentiated from nontargeting siCTRL- or siZEBI-transfected hMDMSs cultured atop plastic substrata as determined by LC/MS analysis

(n=3).

D, E ATP levels (D) and RhoA activity (E) of osteoclasts differentiated from non-targeting siCTRL- or siZEBI-transfected hMDMs.
F Mitochondrial function parameters analyzed by XF Cell Mito Stress Assay in nontargeting siCTRL- or siZEBI-transfected osteoclasts after sequential treatment of

compounds modulating mitochondrial function (n = 4).

G, H SsiCTRL- or siZEB1-transfected human osteoclasts were cultured atop bone slices for 6 days and stained with phalloidin (red). Osteoclasts were removed and resorp-
tion pits visualized by WGA-DAB staining (G). Scale bar, upper 20 um, lower 100 pm. The actin ring area per cell, resorption pit area, and the number of TRAP*

MNCs were quantified (H; n = 6).

I-L  Calvaria isolated from wild-type and Zeb1*"/4M

mice were cultured in the presence or absence of 200 pM cyclocreatine, and stained for phalloidin (red) and Vpp3

(green) (1). Scale bar, 10 pm. The TRAP activity of whole cell lysates, actin ring area per cell, and supernatant CTX-I were quantified (J-L; n = 6).

Data information: Bars and error bars represent mean + SEM. Data are representative of at least three independent experiments with biological replicates. Data were
analyzed using one-way ANOVA with Bonferroni correction (A-F, H, J-L). ns, not significant; *P < 0.05, **P < 0.01.

express one EMT TF, i.e., Zebl, both during and after differentia-
tion, emphasizing their ability to function outside of classic EMT-
related programs. Further, our study demonstrates that Zebl plays
unexpected roles in orchestrating the activity of the bioenergetic
machinery critical to mouse as well as human osteoclast function.
In the absence of Zebl, osteoclasts increase their phosphocreatine
energy shuttle and mitochondrial respiration, resulting in a hyperac-
tive, bone-resorbing phenotype. These findings further raise the pos-
sibility that osteoclasts respond to exogenous signals to autoregulate
their Zebl levels to up- or downregulate bone resorptive activity
accordingly. Indeed, we find that osteoclasts cultured atop plastic
substrata decrease Zebl expression when transplanted atop bone
coincident with the initiation of active resorption (Appendix
Fig S8A-D).

With regard to bone metabolism, early studies demonstrated that
global Zeb! deletion elicits major skeletal abnormalities, along with
perinatal lethality (Takagi et al, 1998). Interestingly, Zebl is
expressed in proliferating mesenchymal progenitors, and Zebl
mutant mice display cleft palate and defective nasal formation along
with other craniofacial abnormalities (Takagi et al, 1998; Liu
et al, 2008; Bellon et al, 2009). Zebl is markedly downregulated
during osteoblastic differentiation and its depletion results in the
premature differentiation of mesenchymal stem cells (Ruh
et al, 2021). Zebl can also affect bone development in a noncell
autonomous fashion with the finding that endothelial cell-specific
deletion of Zeb1 impairs CD31™endomucin™ vessel formation in the
bone, resulting in reduced osteogenesis (Fu et al, 2020). Finally,
independent of bone-specific phenotypes, Zebl has only recently
been shown to coordinate self-renewal and multilineage differentia-
tion fates of hematopoietic stem cells while also affecting both T cell
and macrophage development (Almotiri et al, 2021). Despite the
assignment of new functions to Zebl, a link to mitochondrial energy
metabolism has not been proposed previously. Interestingly, Zebl
protein levels are detected as early as day 2 of the osteoclastogenic
program while MtCK1 begins to be expressed at day 4 (Figs 3B and
4F; Appendix Figs S2A and S4A), suggesting that MtCK1 is
induced by other unknown transcription factors during osteoclast
differentiation.

To initiate the bone resorption process, osteoclasts reorganize
cytoskeletal structure to form an F-actin rich sealing zone that
anchors the cells to the bone surface and creates a confined resorp-
tion microenvironment where protons and bone-degrading enzymes
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are delivered (Boyle et al, 2003; Teitelbaum & Ross, 2003; Teitel-
baum, 2011; Blangy et al, 2020; Zhu et al, 2020). As such, osteo-
clasts are in a state of high-energy demand that is characterized by
abundant mitochondria, elevated expression of oxidative
phosphorylation-associated enzymes and high rates of oxygen con-
sumption (Zeng et al, 2015; Lemma et al, 2016; Bae et al, 2017;
Arnett & Orriss, 2018; Li et al, 2020). Nevertheless, how mitochon-
drial energy metabolism is regulated and how mitochondrial bioen-
ergetics and substrate utilization cooperatively coordinate osteoclast
cytoskeletal organization and activation in concert with transcrip-
tional machinery is poorly understood. Previous work has demon-
strated that the energy required for osteoclast differentiation mainly
derives from mitochondrial oxidative metabolism, whereas the cel-
lular activities associated with bone resorption per se are alterna-
tively supported by glycolysis (Lemma et al, 2016). By contrast,
more recent studies demonstrated that mitochondrial biogenesis is
not required for osteoclastogenesis per se, but instead for sealing
zone assembly and bone resorbing activity (Zhang et al, 2018;
Nakano et al, 2019; Ling et al, 2021). In this latter scenario, the
bone-resorptive capacity of individual osteoclasts was enabled by
the transcriptional coactivator PGC1p, G-protein Gal13, or the mito-
chondrial deacetylase, Sirt3, which controlled both mitochondrial
biogenesis and the oxidative phosphorylation-mediated cytoskeletal
organization critical to sealing zone formation (Zhang et al, 2018;
Nakano et al, 2019; Ling et al, 2021). Contrasting with these studies,
Zeb1 neither regulates osteoclast differentiation nor mitochondrial
biogenesis. Instead, Zebl functions as a transcriptional repressor of
MtCKI1, thereby controlling the phosphocreatine shuttle, mitochon-
drial respiration and ATP production to finally modulate bone
resorptive activity. Importantly, increasing MtCK1 expression alone
in wild-type osteoclasts was sufficient in mediating the reprogram-
ming of mitochondrial activity and enhancing bone resorption,
suggesting that MtCK1 is a central effector of osteoclast activation.
Phosphorylated guanidine compounds, known as phosphagens,
are linked to ATP hydrolysis and temporal buffering when cells
experience dynamic energy requirements. Among the phosphagens,
the phosphocreatine-creatine kinase axis is one of the most well
studied, perhaps owing to its extensive tissue distribution in verte-
brates (Wallimann et al, 1992, 2011; Schlattner et al, 2006; Kazak &
Cohen, 2020). The phosphocreatine—creatine kinase system operates
in cell types with dynamic rates of energy turnover, such as neu-
rons, muscle and spermatozoa, where it reversibly catalyzes the
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phosphorylation of creatine to phosphocreatine, an energy storage
molecule. In elongated cell systems, such as muscle and motile gam-
etes, the phosphagen system increases the free energy of ATP
hydrolysis by steepening the gradient between local ATP and ADP.
Also, the phosphagen system can overcome diffusion barriers
between the source of ATP (mitochondria) and the site where ATP
is consumed (Wallimann et al, 1992, 2011; Schlattner et al, 2006).
Interestingly, thermogenic fat tissues were recently revealed to
employ a futile cycle of creatine and phosphocreatine to dissipate
energy and stimulate mitochondrial ATP demand, thereby promot-
ing cold adaptation (Kazak et al, 2015, 2017; Kazak & Cohen, 2020).
Mitochondrial creatine kinase, together with cytosolic creatine
kinase isozymes and phosphocreatine, provides a temporal and
spatial energy buffer to maintain cellular energy homeostasis
(Wallimann et al, 1992, 2011; Schlattner et al, 2006). MtCK1 is a
mitochondrial protein that facilitates the phosphocreatine energy
shuttle by transferring a phosphate group from mitochondrial ATP
to creatine that readily passes through the mitochondrial membrane
and plays an important role in maintaining adequate phosphoryl
energy reserves during energy fluxes in metabolically active cells
(Wallimann et al, 1992, 2011; Schlattner et al, 2006). Interestingly,
we detected a sharp increase of the expression of a Slc6a8/Ckmtl/
Ckb triad during macrophage-osteoclast transition. It is intriguing
that osteoclasts appear to be actively employing creatine metabo-
lism based on the gene expression signature of the creatine trans-
porter and creatine kinases, MtCK1 and Ckb, but not creatine-
synthetic enzymes. It has been reported earlier that Ckb knockout
suppressed the bone-resorbing activity of osteoclasts in vitro with-
out affecting cellular ATP levels (Chang et al, 2008). While Ckb has
recently been reported to traffic into mitochondria using an internal
mitochondrial targeting sequence in brown fat (Rahbani et al,
2021), we find no evidence for Ckb expression in the mitochondria
of either wild-type or ZebI-deleted osteoclasts. Of note, two recent
reports identified MtCK1 as a potential therapeutic target in cancer
cells on the basis of its ability to serve as a core high-energy phos-
phate transfer system that regulates mitochondrial respiration, ATP
production and cell growth (Fenouille et al, 2017; Kurmi
et al, 2018). While Zebl has been reported to affect glucose and
fatty acid metabolism in normal and neoplastic epithelial cells
(Masin et al, 2014; Mathow et al, 2015; Zhang et al, 2016; Xu
et al, 2018), our studies suggest that MtCK1 and mitochondrial
activity could be critical targets in a variety of cell populations.
Interestingly, a recent study described the ability of Zeb1 to regulate
rat osteoclast activity by targeting the DNA polymerase interacting
protein, PLODIP2, and of direct relevance to our own findings, that
decreased levels of Zebl can be found in mononuclear cells recov-
ered from osteoporotic women (Zhu et al, 2022). However, distin-
guishing our work from theirs, PLODIP2 expression was unaffected
in our RNA-seq data of wild-type vs Zebl knockout osteoclast’s.
Likewise, Zebl has been reported to regulate mitochondrial mass
and fusion in hematopoietic stem cells by repressing mitofusin-2
expression (Zhang et al, 2022), but similar effects were not noted in
our studies highlighting the fact that Zebl functions are cell—as
well as context dependent. Indeed, while Zebl undoubtedly plays
discrete roles in a diverse set of other cell populations (Vandewalle
et al, 2009; Krebs et al, 2017; Morel et al, 2017; Stemmler
et al, 2019; Feldker et al, 2020; Almotiri et al, 2021), our data clearly
demonstrate that the osteoclast hyper-resorptive phenotype
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observed here can be ascribed to MtCK1 targeting and mitochon-
drial energy metabolism.

In summary, we have identified Zebl as a key upstream regula-
tor of metabolic reprogramming during osteoclast activation and
demonstrated the importance of a previously unrecognized Zebl/
MtCK1 axis as an integrator of mitochondrial signaling and
osteoclast-dependent bone resorption, potentially identifying new
targets for therapeutic intervention in pathological bone-resorptive
states. While Zebl is considered undruggable (Vandewalle
et al, 2009; Nieto et al, 2016; Stemmler et al, 2019; Francou &
Anderson, 2020), directly targeting downstream effectors, such as
MtCK1, is deserving of consideration.

Materials and Methods

Mouse strains

Mice harboring Zeb1-floxed alleles (Zeb1") were generated as previ-
ously described and were maintained on a C57BL/6J genetic back-
ground (Brabletz et al, 2017), while Csfir-Cre mice (FVB/NJ
background) obtained from Jackson Laboratories (Zhu et al, 2020)
were backcrossed onto a C57BL/6J background (n > 10 genera-
tions). Zeb1”' mice were bred with Csflr-Cre transgenic mice to
obtain Zeb1™“M (Csfir-Cre/Zeb1”!) mice. Zeb1™/* mice are
defined as “wild-type” control while Zeb1”* and Zeb”' mice, which
uniformly display normal bone and osteoclast phenotypes, are
described as such in the text and are considered “control” mice. For
genotyping primers, see Appendix Table S1. All mice were housed
under 12-h light/12-h dark cycle (6 a.m.—6 p.m.) with a standard
rodent chow diet. Throughout, mice were age-matched and then
randomly assigned to minimize the effects of subjective bias. All
mouse work was performed under the guidelines and approval of
the Animal Welfare and Ethics Committee (School and Hospital of
Stomatology, Wuhan University) and the University of Michigan
Institutional Animal Care & Use Committee (IACUC).

In vitro osteoclast differentiation

Mature osteoclasts were generated as described (Tang et al, 2009;
Zhu et al, 2020). Briefly, bone marrow cells extracted from femurs
or tibiae of 10- to 12-weeks old male mice were cultured in a-MEM
containing 10% FBS, 100 IU/ml penicillin, and 100 pg/ml strepto-
mycin with 20 ng/ml recombinant M-CSF (R&D Systems) in plastic
petri dishes. Cells were incubated at 37°C in 95% air/5% CO, for
4 days and then lifted with 5 mM EDTA in PBS. Recovered BMDMs
were cultured in o-MEM containing 10% FBS supplemented with
10 ng/ml M-CSF and 20 ng/ml RANKL (R&D Systems) for 5 days in
tissue-culture dishes to induce osteoclast formation. Mature osteo-
clasts were characterized by staining for TRAP activity using an
Acid Phosphatase Leukocyte Kit (Sigma-Aldrich), and TRAP-
positive multinucleated cells (> 3 nuclei/cell) counted.

RNA extraction, qPCR, and RNA-seq analysis
RNA was isolated from cultured cells with TRIzol reagent (Invi-

trogen) and purified using QIAGEN RNeasy Mini-kit columns
(QIAGEN). RNA quality was confirmed using an Agilent 2100
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Bioanalyzer. Mouse complementary DNA (cDNA) was reverse-
transcribed from 1 pg total RNA with SuperScript VILO Master Mix
(Life Technologies). JPCR was performed in triplicate samples using
SYBR Green PCR master mix (Applied Biosystems) according to the
manufacturer’s instructions. For each transcript examined, mRNA
expression was normalized to Gapdh/GAPDH. For qPCR primers,
see Appendix Table S2.

For RNA-seq, the construction of libraries was generated using
QuantSeq 3’ mRNA-Seq Library Prep Kit (Lexogen) according to the
manufacturer’s instructions. High-throughput sequencing was
performed as single-end 75 sequencing using NextSeq 500 (Illu-
mina). Each sample was analyzed at the University of Michigan
Advanced Genomics Core. Data were aligned using the STAR aligner
and featureCounts v1.6.4 software, and reads per kilobase of tran-
script per million mapped read values on gene level were estimated
for ensemble transcriptome (Dobin et al, 2013; Liao et al, 2014).
DESeq2 was used to estimate significance between any two experi-
mental groups (Love et al, 2014). Principal component analysis was
performed on the RNA-Seq data to visualize sample-to-sample vari-
ance. Genes with a fold change of 1.5 were considered as differen-
tially expressed genes and analyzed using the DAVID Bioinformatics
Resources 6.8 (Jiao et al, 2012).

Western blot analysis

Cell lysate preparation, sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) and Western blotting were carried out
according to standard protocols. Proteins were harvested in cell lysis
buffer supplemented with proteinase inhibitor cocktail (Sigma-
Aldrich) and phosphatase inhibitor cocktail 2 (Sigma-Aldrich). Anti-
gen detection was performed using antibodies directed against Zebl
(Sigma-Aldrich, HPA027524), c-Src (Cell Signaling, #2109), Ctsk
(Santa Cruz, sc-48353), NFATcl (Santa Cruz, sc-7294), c-Fos (Cell
Signaling, #2250), PB3 integrin (Cell Signaling, #4702), Mmp9
(Abcam, ab38898), Mmp14 (Abcam, ab51074), MtCK1 (Proteintech,
15346-1-AP), Ckb (Abcam, ab108388), VDAC (Cell Signaling,
#4866), Tomm20 (Millipore, MABT166), OXPHOS (Abcam,
ab110413), Vinculin (Sigma-Aldrich, V9131) or B-actin (Cell Signal-
ing, #4970). Bound primary antibodies (diluted to 1:1,000) were
detected with horseradish peroxidase-conjugated species-specific
secondary antibodies (Santa Cruz; diluted to 1:2,000) using the
Super Signal Pico system (Thermo Fisher Scientific).

Immunofluorescence staining

For immunofluorescent staining, osteoclasts were fixed with 4%
paraformaldehyde, permeabilized with 0.1% Triton X-100, and
blocked for 1 h prior to an overnight incubation at 4°C with
primary antibodies directed against Zebl (Sigma-Aldrich,
HPA027524), TRAP (Santa Cruz, sc-30833), or MtCK1 (Protein-
tech, 15346-1-AP). For F-actin staining, osteoclasts were permeabi-
lized with 0.1% Triton X-100 and incubated with TRITC- or Alexa
Fluor 647-conjugated phalloidin (Invitrogen). For Mitotracker
Green staining, nonfixed cells were incubated with 100 nM Mito-
tracker Green (Invitrogen, M7514) in HBSS for 20 min. For bone
tissue immunofluorescence, femurs from 8-weeks old were fixed
in 4% paraformaldehyde at 4°C overnight, decalcified in 10%
EDTA and transferred to 30% sucrose in PBS for embedding in
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OCT (Fisher Healthcare). Frozen sections were permeabilized with
0.3-0.5% Triton X-100 in PBS and blocked for 2 h prior to adding
primary antibodies directed against Zebl (Sigma-Aldrich,
HPA027524) or MtCK1 (Proteintech, 15346-1-AP) with TRAP
(Santa Cruz, sc-30833). Following primary antibody incubations,
sections were incubated with Alexa Fluor 488- or Alexa Fluor 594-
conjugated secondary antibodies (Invitrogen Molecular Probes).
Nuclei were visualized by staining with 1 pg/ml 4’,6-diamidino-2-
phenylindole (DAPI). Fluorescence images were acquired with a
Nikon Al laser-scanning confocal microscope and analyzed with
Adobe Photoshop and Image J software.

Single cell RNA-seq analysis

Single-cell RNA-seq analysis was performed utilizing a publicly
available Gene Expression Omnibus (GEO) data set (Data ref:
Yahara et al, 2020b) under accession number GSE125088 (Yahara
et al, 2020a). Briefly, R package Seurat Version 3.2.2 (http://
satijalab.org/seurat/) was utilized to perform secondary statistical
analysis and generate visualizations of the data. More specifically,
subset analysis was performed where cells were excluded which
contained greater than 15% expression of mitochondrial genes and
RNA between 200 and 6,000. Data were then normalized, scaled,
and 200 variable features were found using a variance-stabilizing
transformation method. One hundred replicates were considered
using principal component analysis and Jackstraw was scored to 20
dimensions (Macosko et al, 2015). Neighbors were calculated to 20
dimensions, and clusters were determined at a resolution of 0.5
using the FindClusters function in Seurat. Differential expression of
relevant cell marker genes was visualized on the ¢t-SNE plot, which
reduced the information captured in the selected significant princi-
pal components to two dimensions, to reveal specific individual cell
types (Zhou & Jin, 2020). Differential expression of relevant cell
marker genes was visualized on the t-SNE plot to reveal specific
individual cell types.

Human osteoclast culture and RNA interference

Normal human CD14" monocytes (Lonza) were cultured in a-MEM
supplemented with 10% FBS, 2 mM L-glutamine, 100 U/ml
penicillin—streptomycin, and 20 ng/ml M-CSF for 6 days to expand
the precursor population and differentiate into macrophages. Cells
were then detached with Accutase (Gibco) and seeded on tissue cul-
ture plastic dishes or bone slices and cultured with M-CSF (20 ng/ml)
and RANKL (20 ng/ml) for 9 days to induce multinuclear osteoclast
formation and bone resorption as previously described (Raynaud-
Messina et al, 2018; Zhu et al, 2020). For RNA interference experi-
ments, primary human macrophages were transfected with individ-
ual siRNA oligonucleotides using GenMute siRNA Transfection
Reagent (SignaGen Laboratories) following the manufacturer’s
instructions (Aucher et al, 2013), which were then induced into
human osteoclasts with M-CSF and RANKL. Two independent
siRNA specifically targeting ZEBI (109652 and 109653, Thermo
Fisher Scientific), two independent siRNA targeting CKMTI (s3097
and s3099, Thermo Fisher Scientific), and the corresponding
non-targeting control siRNA (sc-36869, Santa Cruz) were used.
Expression of the siRNA knockdown efficiency was confirmed by
Western blot.
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Nano computed tomography (nanoCT) analysis

Excised mouse femurs as well as lumbar vertebrae were scanned
using the nanotom M nanoCT (Phoenix X-ray, GE Measurement &
Control; Wunstorf, Germany) as previously described (Khoury
et al, 2015). Femurs and L3 vertebrae were scanned at an 8 um iso-
tropic voxel resolution and calibrated three-dimensional images
reconstructed and analyzed in Microview ABA 2.2. Bone morpho-
metric variables were analyzed, including bone volume/tissue vol-
ume (BV/TV), trabecular number (Tb.N), trabecular separation
(Tb.Sp), trabecular thickness (Tb.Th), and cortical thickness
(Ct.Th), as described previously (Khoury et al, 2015; Tang et al,
2016; Zhu et al, 2020).

Bone histomorphometry

Histology was performed as previously described (Tang et al, 2009,
2016; Zhu et al, 2020). Briefly, the mice femurs were either fixed
with 10% neutral buffered formalin followed by decalcification in
10% EDTA for 3 weeks, paraffin embedding, and Hematoxylin/
Eosin (H&E) staining, or with 70% ethanol followed by plastic
embedding and Golden trichrome staining. Femur osteoclasts were
identified by staining for tartrate-resistant acid phosphatase (TRAP)
using an Acid Phosphatase Leukocyte Kit (Sigma-Aldrich). Osteo-
clastic and osteoblastic parameters were measured and analyzed
using Bioquant OSTEO (Dempster et al, 2013). Mineral apposition
rate was determined with double-calcein bone labeling as described
(Tang et al, 2009; Zou et al, 2016; Zhu et al, 2020).

In vivo markers of bone turnover

For bone resorption assays, the serum concentration of cross-linked
C-telopeptide of type I collagen (CTX-I) was determined in
overnight-fasted mice using the RatLaps CTX-I EIA kit (Immunodi-
agnostic Systems) according to the manufacturer’s instructions.
Osteoblast bone formation was monitored using the mouse Osteo-
calcin Enzyme Immunoassay kit (Alfa Aesar) according to the man-
ufacturer’s instructions.

In vitro bone resorbing activity

For bone resorption assays, BMDMs or preosteoclasts were seeded
and cultured on bovine cortical bone slices (Immunodiagnostic Sys-
tems) in the presence of M-CSF and RANKL, as described previously
(Wu et al, 2017; Zhang et al, 2018; Zhu et al, 2020). After the indi-
cated culture period, bone slices were then incubated in 0.5 N NaOH
for 30 s, and the cells scraped off using a cotton swab. Bone sam-
ples were sonicated in PBS, stained with 20 pg/ml WGA-lectin
(Sigma-Aldrich) for 45 min and then incubated with 3,3'-
diaminobenzidine (DAB) tablets (Sigma-Aldrich) for 15 min. The
area resorbed was determined using Image J software. To analyze
bone resorption pit depth, three-dimensional profiles of resorption
pits were characterized using a reflective confocal laser scanning
microscope (RCLSM; Leica SP8). Quantitative analysis of resorption
pit depth was performed using Imaris software (Bitplane). The con-
centration of the CTX-I was measured using the CrossLaps for Cul-
ture CTX-I ELISA kit (Immunodiagnostic Systems) according to the
manufacturer’s instructions.
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Flow cytometry analysis

Single-cell suspensions of osteoclast precursor cells or mature osteo-
clasts were differentiated on petri dishes, detached and collected
after passing through a 40 pm cell strainer (BD Bioscience), incu-
bated with Fc block (eBioscience) for 10 min, and then incubated
with Alexa Fluor 488-conjugated anti-CD11b M1/70 (eBioscience,
53-0112-80), BV711-conjugated CD326/EpCAM (epithelial cell adhe-
sion molecule; BD Bioscience, 563134), or the corresponding isotype
control (eBioscience) in flow cytometry staining buffer (eBioscience)
for 30 min at 4°C. For Mitotracker Green staining, cells were incu-
bated with 100 nM Mitotracker Green (Invitrogen, M7514) in HBSS
for 45 min. For ROS-level detection, cells were incubated with
20 uM DCFH-DA (Beyotime, S0033S) for 30 min at 37°C in the dark
(Kalyanaraman et al, 2017; Murphy et al, 2022). Then, cells were
subjected to flow cytometry analysis on a FACS Canto II (BD
Bioscience).

Cell proliferation assay

Cells were seeded at 1 x 10* cells per well in 96-well plates and pro-
liferation determined using the cell proliferation reagent, WST-1
(Sigma-Aldrich), according to the manufacturer’s instructions.

Cell apoptosis assay

Apoptotic nuclei in cultured osteoclasts were identified by TUNEL
staining using the In Situ Cell Death Detection Kit, Fluorescein
(Roche) as previously described (Wu et al, 2017). Nuclei were visu-
alized by staining with 1 pg/ml 4’,6-diamidino-2-phenylindole
(DAPI). Fluorescence images were acquired with a Nikon Al laser-
scanning confocal microscope and apoptotic nuclei were analyzed
with Adobe Photoshop and Image J software.

Osteoclast acid production assay

Acid production was determined using acridine orange as
described (Ferron et al, 2013). To assess intracellular pH,
osteoclasts differentiated on cortical bone slices were incubated
in MEM buffered at pH 7.4 with 20 mM HEPES and containing
S pg/ml acridine orange (Invitrogen) for 15 min at 37°C, washed,
and imaged using a confocal microscope (excitation, 488 nm;
emission, 500-550 nm [green form] and 570-620 nm [red/orange
acidic form]).

Mitochondrial fractionation and mitochondrial creatine kinase
activity assay

Mitochondria-enriched fractions of BMMs and osteoclasts were
isolated using a mammalian mitochondria isolation kit for cul-
tured cells (BioVision) according to the manufacturer’s instruc-
tions. The pelleted mitochondria were either lysed in the lysis
buffer provided in the presence of protease inhibitors for western
blot analysis or resuspended for subsequent creatine kinase activ-
ity assay (Rahbani et al, 2021). Creatine kinase activity from iso-
lated mitochondria was examined using the Creatine Kinase
Activity Assay Kit (Sigma-Aldrich) according to the manufac-
turer’s instructions.
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Luciferase reporter assay

The Ckmtl promoter reporter construct has been described pre-
viously (Fenouille et al, 2017). Mouse macrophage cell line
RAW 264.7 (ATCC, TIB-71) was cotransfected with the CkmtI
promoter construct expressing Gaussia Luciferase and Secreted
Alkaline Phosphatase (GeneCopoeia) and the Zebl plasmid using
GenJet DNA Transfection Reagent (SignaGen Laboratories) in
accordance with the manufacturer’s protocol. Transfection
medium was replaced by fresh medium containing RANKL about
6 h after transfection. After 48 h of incubation, medium was col-
lected for parallel bioluminescence assays of Gaussia luciferase
and secreted alkaline phosphatase using Secrete-Pair Dual Lumi-
nescence Assay Kit (Genecopoiea), using a SpectraMax L (Molec-
ular Devices) plate reader.

Chromatin immunoprecipitation (ChlIP) assay

ChIP assay was carried out by using the SimpleChIP® Chroma-
tin IP Kit (Cell Signaling) according to the manufacturer’s
instructions. Briefly, crosslinking was performed in cell culture
medium containing 1% formaldehyde with gentle rotation for
10 min at room temperature. Fixation was stopped by the addi-
tion of glycine (125 mM final concentration). Fixed cells were
then washed and digested by micrococcal nuclease. The
nuclear pellet was suspended in chromatin immunoprecipitation
(ChIP) buffer and sheared by sonication. The sheared chroma-
tin was then immunoprecipitated with the Zebl antibody
(Sigma-Aldrich, HPA027524) or the control IgG (Cell Signaling),
bound to the Protein G Magnetic Beads. The immunoprecipi-
tated chromatins were then eluted with ChIP elution buffer.
The DNA fragments were released by treatment of ribonuclease
A and then proteinase K at 65°C for 2 h. The released DNA
fragments were purified with columns and amplified by site-
specific primers by qPCR. Five percent of the chromatin extract
was set aside for input. All ChIP signals were normalized to
the input. The following Ckmtl primers were used: 5'-
AAGCGCTTTTCCAAATTTCC-3' (sense) and 5-CCTGAGAAAGCT
ACTCTCCCTTT-3' (antisense).

H,0, production assay

The level of H,0, production was analyzed with a Hydrogen
Peroxide Assay Kit (Beyotime) based on the ferrous oxidation-
xylenol orange method, according to the manufacturer’s instruc-
tion with minor modifications (Zhao et al, 2021; Murphy
et al, 2022). H,0, production is detected extracellularly because
hydrogen peroxide has a cell permeability coefficient similar to
water and does not accumulate within intracellular compartments
(Kalyanaraman et al, 2017; Murphy et al, 2022). Briefly, osteo-
clasts cultured on 6-well plates were washed without lysis and
incubated with hydrogen peroxide detection reagent at room tem-
perature. After 45 min of incubation, the supernatant was trans-
ferred to 96 well plates and then measured immediately with a
microplate reader (Bio-Rad) at a wavelength of 570 nm. The
H,0, level was calculated using a standard curve generated with
standard solutions of H,0, and normalized to total protein levels
determined with BCA assay.
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Metabolite extraction and mass spectrometry analysis of
phosphocreatine and creatine level

Intracellular metabolites were extracted from cells using 80% ice-
cold methanol followed by centrifugation as previously described
(Bian et al, 2020). Creatine and phosphocreatine were profiled at
the University of Michigan Life Sciences Institute Mass Spectrometry
Core. An Agilent LC/MS system was used consisting of the 1290
Infinity HPLC system and a Q-tof G6545A MS system equipped with
a Dual Agilent Jet Stream Electrospray lIonization source. Poroshell
120 Hilic-OH5 column (Agilent Technologies) was used, which is
2.1 x 100 mm and 2.7 micron particle size. The HPLC condition is
as follows: Mobile Phase A is water in 0.1% formic acid; mobile
phase B is 95% acetonitrile, 5% water, and 0.1% formic acid. The
chromatographic method held the initial mobile phase composition
(5% A) constant for 1 min, followed by a linear gradient to 90% A
over 4 min, and then held at 90% A for 3 min. The flow rate is set
at 0.3 ml/min. Column was kept at room temperature. Sample injec-
tion volume is 20 pl. Data were collected in the positive mode. The
following Q-tof operating parameters were used: capillary voltage:
3500 V; nebulizer pressure: 30 psig; drying gas: 11 1/min; gas tem-
perature: 325°C; sheath gas flow: 11 1/min; sheath gas temperature:
275°C; nozzle voltage: 500 V; fragmentor voltage: 140 V; skimmer
voltage: 65 V; octopole RF: 750 V. Post time between runs was set
for 3 min. The mass spectra were recorded across the range of
50-1,500 m/z at 2 GHz and a scan rate of 3 spectra/s. Reference
solution in Bottle A using reference nebulizer and reference mass
correction were enabled. The reference solution contained reference
masses purine C5H4N4 at m/z 121.0509 and HP-921 [hexakis-
(1H,1H,3H-terafluoro-pentoxy)phosphazene] (C18H1806N3P3F24)
at m/z 922.0098. Both centroid and profile data were recorded. UV
spectra were recorded in poly diode array (PDA) mode from 190 to
400 nm. The retention time and position of the peaks were con-
firmed using pure standard compounds freshly prepared in HPLC-
grade water. Standard curves were obtained using known amounts
of pure standard compound to calculate the detection range, accu-
racy and quantity. A known quantity of authentic pure standard
compound was spiked into the sample to identity and quantify each
metabolite of interest. Data analysis was done using Qualitative
Analysis of MassHunter software (version 10.0).

Mitochondrial DNA (mtDNA) quantitation

mtDNA copy number per nuclear genome in osteoclasts was quanti-
tated as described previously (Nakahira et al, 2011). Total DNA
purification was performed using the DNeasy kit (Qiagen). The
abundance of nuclear and mitochondrial DNA, reflected by 18 s
ribosomal RNA and cytochrome c oxidase I, was quantified by real-
time PCR under standard conditions using a SYBR Green PCR kit
(Qiagen). The ratios between mtDNA and nuclear DNA concentra-
tions were calculated.

Transmission electron microscopy analysis
Cell pellets were fixed (2.5% glutaraldehyde in 0.1 M Sorensen’s
buffer, pH 7.2) and post-fixed with 1% osmium tetroxide prior to

embedding in EMbed 812 epoxy resin (Electron Microscopy Sci-
ences). Thin sections (70 nm) were post-stained with uranyl acetate
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and Reynolds lead citrate, and imaged with a JEOL JEM-1400 Plus
electron microscope. Images were recorded digitally using a Hama-
matsu ORCA-HR digital camera system, operated using AMT soft-
ware (Advanced Microscopy Techniques Corporation).

Mitochondrial oxygen consumption (OCR) measurement

The mitochondrial respiratory activity was assessed by measuring
oxygen consumption rate (OCR) of cells on a Seahorse XFe96 Ana-
lyzer (Agilent) using the Seahorse XF Cell Mito Stress test kit
(Agilent) according to the manufacturer’s instructions. Briefly,
preosteoclasts were seeded on XFe96 cell culture microplates
(Seahorse Bioscience) at a seeding density of 5 x 10* cells per well
and stimulated with M-CSF and RANKL for 2 days. Before the assay,
cells were rinsed twice and kept in prewarmed XF assay medium
(pH 7.4) supplemented with 1 mM sodium pyruvate, 2 mM gluta-
mine, and 10 mM glucose in a 37°C non-CO, incubator for 1 h to
allow for pre-equilibration with the assay medium. Next, the respi-
ratory rate was measured at 37°C in at least three replicates per con-
dition by using the following perturbation drugs in succession: 1 uM
oligomycin, 0.5-2 pM carbonyl cyanide p-(trifluoromethoxy)
phenylhydrazone (FCCP), and 0.5 uM rotenone (ROT)/antimycin A
(AA). The final FCCP concentration was optimized to achieve maxi-
mal respiration in each condition. The basal OCR was measured
before drug exposure. We calculated the mitochondrial function
metrics as described previously (Little et al, 2020). The measure-
ment was normalized to the relative level of DNA determined by
measuring the fluorescence intensity of cells stained by CyQuant NF
dye (Molecular Probes).

ATP quantification assay

Intracellular ATP level was quantified using an ATP Determination
Kit (Invitrogen). Briefly, reaction mixture was added to the 96-well
cell culture plate, which contains the cultured cells or standard solu-
tion. After 20 min of incubation in the dark, the plate was read
using a SpectraMax L (Molecular Devices) plate reader in the mode
of luminescence detection. A standard curve for ATP was obtained
with a series of dilution of the ATP standards and ATP-free water
provided in the kit. Intracellular ATP level was calculated using the
standard curve and normalized for cellular protein concentration.

Rho GTPase activity assay

Osteoclasts were starved for 4 h in 2% FBS-containing a-MEM, then
then stimulated with 20 ng/ml M-CSF and 30 ng/ml RANKL for
15 min and lysed. Cell lysates was harvested and Rho GTPase activ-
ity was analyzed using RhoA G-LISA Activation Assay kits (Cyto-
skeleton) according to the manufacturer’s instructions.

Lentiviral gene transduction and short hairpin RNA (shRNA)
retroviral knockdown

Where indicated, BMDMs were transduced with either a control vec-
tor, wild-type human MtCK1, a metabolic inactive MtCK131¢
mutant expression vector, a Cre vector, or a wild-type human ZEB1
expression vector. The catalytically inactive MtCK1“*!°¢ mutant har-
bors a Gly substitution at a critical Cys residue that is required for
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synergistic binding of MtCK1 to its substrate (Furter et al, 1993;
Fenouille et al, 2017). The MtCK1, MtCK1%*'*® mutant, and ZEB1
constructs were cloned into the pHAGE-CMV lentiviral vector, while
the Cre construct was cloned into the pLentilox-IRES-GFP lentiviral
vector (Zhu et al, 2020). For knockdown of mouse MtCK1, two inde-
pendent shRNA constructs (TF512727B and TF512727C, ORIGENE)
and a single scrambled shRNA construct (TR30015, ORIGENE)
cloned into the pRFP-C-RS retroviral vector were used. Expression
of the recombinant proteins and shRNA knockdown efficiency was
confirmed by Western blot.

Ex vivo calvarial organ cultures

Calvariae from 5-day-old wild-type or ZebI“™“M mice were iso-
lated aseptically, cleaned, and cultured for 16 h at 37°C in 0.5 ml
of BGJb medium (Life Technologies) containing 1 mg/ml BSA
(fraction V, Sigma) as described previously (Inada et al, 2004).
Half calvariae were transferred to fresh medium with 50 nM PTH
in the presence or absence of cyclocreatine (Cayman Chemical)
and cultured for an additional 5 days. Culture supernatant was
collected for bone resorption marker CTX-I level detection using
RatLaps CTX-I EIA kit (Immunodiagnostic Systems). The half
calvariae were either fixed for immunostaining or snap-frozen for
TRAP activity assay.

Calvarial tissue lysate preparation and TRAP activity assay

The snap-frozen calvariae were extracted, and TRAP activity was
detected as previously described (Cackowski et al, 2010). After
homogenization using a ground glass homogenizer in 200 pl of NP-
40 lysis buffer (1% NP-40, 150 mM NaCl, 50 mM Tris, pH 8), each
sample was put through five freeze-thaw cycles, kept on ice for 1 h
followed by centrifugation to remove calvarial bone and debris, and
bone tissue extracts stored at —70°C until required. For TRAP activ-
ity detection, 35 pul of bone tissue lysates was added to 200 pl of
TRAP substrate (50 mM sodium acetate, pH 5, 25 mM sodium tar-
trate, 0.4 mM MnCl,, 0.4% N,N,-dimethylformamide, 0.2 mg/ml
fast red violet, 0.5 mg/ml naphthol AS-MX phosphate), then incu-
bated 3 h at 37°C, and the absorbance read at 540 nm. Values were
normalized for the protein concentration of the calvarial tissue
lysates.

Statistical analysis

All values were expressed as mean + SEM. Unpaired Student’s ¢ test
was used to analyze the differences between two groups, while one-
or two-way ANOVA with Bonferroni correction was used to evalu-
ate differences among multiple comparisons. A P value of < 0.05
was considered statistically significant. All representative experi-
ments shown were repeated three or more times.

Data availability

The RNA sequencing data from this publication have been deposited
to the Gene Expression Omnibus database at accession number
GSE212302 (https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc =
GSE212302).
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